Among the Greek islands, 61 are based-currently-on autonomous electrical systems for covering the electrical energy demand and are characterized as Non-Interconnected Islands (NII). The average electricity production cost in the NII is 2.5 times higher than in areas with access to the main, interconnected electricity grid (IEG) of Greece. In this paper, an analytic overview of the autonomous electricity systems of Greek islands is provided, focusing on electricity consumption and production, as well as on the relative costs. For investigating possibilities for improving the situation, especially in small, remote islands, simulations for the energy system of Astypalea are conducted. It is proved that further use of renewables in combination with energy storage can lower the current, high energy costs. Expansion of the IEG is not economically viable for islands which are far away from the mainland and their peak loads are less than 10 ΜW.
Introduction
The great number of islands and the extensive mountain ranges are distinctive features of Greece's natural geography. The Constitutional Law of the country includes a special reference (Article 101, paragraph 4) to island and mountain territories: "The common Legislator and the Administration, when setting regulations, are obliged to consider the particular circumstances of island and mountain areas, catering for the development of these areas" [1] . The author has
The data and methodology used for composing the present paper are presented in Section 2. The characteristics of the NII electrical systems, the statistical analysis of the corresponding data and the findings from energy optimization in the island of Astypalea are included in Section 3. In Section 4 estimations regarding the interrelation of the study's results with energy policy are mentioned.
Finally, in Section 5 the most important points of the paper are summarized, and conclusions are extracted.
Materials and Methods
In order to gain a broad view of the Greek NII electrical systems, firstly, data were collected. The necessary data were retrieved, mainly, from HEDNO, which has given public access to the following information for the NII:  Electricity production, at monthly basis, from thermal stations (years 2014 to 2017).  Electricity production, at monthly basis, from renewable energy plants (years 2014 to 2017).  Variable cost of electricity production, at monthly basis (years 2014 to 2017).
 Total cost of electricity production, at monthly basis (years 2014 to 2017). Data related to the installed power capacity of the NII energy units were collected both from HEDNO and RAE. The HSA was the main source for demographic and socioeconomic data for the NII. The Operator of the Electricity Market (OEM) was the source of data regarding: 1) electricity consumption in the whole of the country, and 2) marginal price of electricity production in the Interconnected Grid.
The statistical analysis of the NII electrical systems characteristics was conducted by using Microsoft Excel (for simple statistical analysis and graphs' composition) and SPSS/Statistical Package for the Social Sciences (for correlation and regression analysis).
As far as the optimization of Astypalea electrical system is concerned, hourly load data were provided by HDNO, for the years 2014 and 2015. The optimization was realized by using HOMER software (version PRO x64). HOMER's goal is to find the least cost combination of equipment for consistently meeting the N. M. Katsoulakos electric load [10] . Main aim of the energy optimization in Astypalea was to explore ways to decrease the current high electricity production costs, with parallel increase in the share of renewables. To this direction, the objectives of the procedure were:  Testing how various combinations of energy sources and energy storage systems can lower the energy cost and footprint of the local energy system.  Checking the feasibility of grid expansion from the mainland to the island of Astypalea.  Conducting sensitivity analysis with respect to various important parameters of the energy system.
In order to validate the reliability of the optimization software and the general assumption that were made, the current main elements (diesel generators, photovoltaic array, diesel oil price etc.) of Astypalea's electrical systems were entered into HOMER and the optimization results led to a solution very close to the actual situation of the local energy system.
Results and Discussion

Energy Production Units in the Non-Interconnected Islands
The energy production cluster of NII is composed by 32 autonomous electrical systems, which provide electricity to 61 islands, which are shown in Table 1 , as well as their permanent population, according to the census of the Hellenic Statistical Authority [11] . The production of electricity is based on thermal stations, which operate with heavy oil (mazut) or light oil (diesel). The installed capacity of the NII thermal stations is presented in Table 2 . In total, during 2017, the installed capacity was 1808.35 MW [12] . In addition, renewable energy plants are operating in many of the NII, whose capacity is also shown in Table 2 . The total capacity of RES station in the NII was 459.59 MW in the first four months of 2018. Regarding shares in energy consumption, 81.5% of it is covered by thermal stations and 18.5% by RES stations. The RES share is distributed as follows:  60.7% wind power.  0.3% from other RES (this is the estimated contribution to RES energy from a small hydro-station with nominal capacity of 0.3 MW and a small biogas unit with nominal capacity 0.5 MW, which are operating in Crete).
It is noted that an important characteristic of the NII energy systems is the use of generators (mainly diesel powered) for covering extra, seasonal needs in electricity. The generators are as a rule rented by the energy producers and transported to the islands. This, of course, causes increases in energy production costs and will be further analyzed in Section 3.  10 electrical systems are medium-sized, with peak loads between 10 and 100 MW.  3 electrical systems are big-sized, with peak loads more than 100 MW (the ones of Crete, Rhodes and Kos-Kalymnos). 
Electrical Energy Consumption and Production in the NII
According to the data published by HDNO for the years 2014-2017 (48 months, in total), the electrical energy consumption and production of all the electrical systems of the NII can be summarized as follows:  Average, annual consumption: 5,672,339 MWh (standard deviation equal to 176,854.15 MWh or 3.12%).  Average, annual electricity production from thermal stations: 4,643,288
MWh (standard deviation equal to 144,617.78 MWh or 3.11%).  Average, annual electricity production from RES: 1,029,051 MWh (standard deviation equal to 60,363.98 MWh or 5.87%).
The electricity consumption of the NII corresponds to about 10% of the total electricity consumption of Greece [14] .
The total, average electrical energy consumption in the NII is presented in Figure 1 , as well as the electricity consumption of the three biggest autonomous systems (Crete, Rhodes, Kos-Kalymnos). It is notable that these three systems represent, in average, 73% of the total energy consumption of all 31 autonomous NII systems.
The electricity consumption is maximized during August (692,969 MWh) and minimized during November (356,109 MWh). The maximum monthly consumption is 95% higher than the minimum one. This illustrates one of the most distinctive characteristics among the electrical systems of the NII. The population in many islands increases during the summer due to tourism. So, great Smart Grid and Renewable Energy fluctuations are observed in the energy consumption. In the case of Mykonos, an island famous worldwide for summer tourism, in August the electricity consumption is 362% higher than in November (Figure 2) . Because of the population increase during the summer, in many cases, the installed capacity of power stations is much greater than the capacity needed for the permanent inhabitants of the islands. This is reflected in the installed capacity per capita; in the NII the installed electricity capacity per capita is 21% higher than in mainland Greece, served by the interconnected electricity network [14] . In the case of Mykonos, the installed capacity per capita is 390% higher than the average in mainland Greece. The lowest fluctuation in electricity consumption is noticed in the case of Lesvos (55%), whose economy is not exclusively based on tourism. This value of fluctuation in electricity consumption is similar to the one of the IEG [15] . In Table S1 of the Appendix, the average electricity production from thermal stations and RES per month for the period 2014-2017, in each of the NII systems is presented.
In Table 3 the average production from thermal and power stations per month in each NII is presented. The great differences in electricity consumption between the several NII is clearly shown in this Table. The thermal station of the autonomous system of Antikythira produces, in average, 21.54 MWh, whereas the mean production of Crete's thermal stations exceeds 190,000 MWh. Such great differences in energy demand imply that there is no a single way for managing and improving the energy systems in the NII. On the contrary, specialized strategies, adopted to local differentiations should be developed. 
Energy Costs in the NII Electrical Systems
Maybe, the most distinctive feature of the autonomous energy systems of the Greek islands is the particularly increased cost of energy production. Besides, this is the reason that causes discussion about the necessity of changing the current situation in the islands. The great energy production cost is attributed, mainly, to two factors: 1) the thermal stations operating as base-load units use oil as fuel that is expensive, 2) the great fluctuations in energy demand that make necessary either the existence of particularly high installed capacity or the transfer of generators, in order to cover peaks of energy demand. The greatest cost is observed in the system of Antikythira (average variable cost 383.863€/MWh), which has the smallest electricity demand and it serves the smallest population among the NII. This autonomous system does not include any RES. The system with the lowest cost is the one of Chios (92.434€/MWh), which is a medium-sized system, with a share of renewables (15.7%), close to the average of the NII. In Figure 3 , the variable cost in the NII is illustrated in descending order. The average marginal price of the interconnected electricity grid of Greece (AMPIG) is also included in Figure 4 , to gain a comparative perspective. In the period 2014-2017 the average marginal cost was 51.338€/MWh [15] .
The energy production in the system of Chios, with the lowest cost among the NII, is 80% more expensive than in the interconnected system. The weighted average marginal cost of the NII is 2.5 times higher than the AMPIG, and the variable cost of the Antikythira system is 7.5 higher than the AMCIS. These findings are indicative of the great economic burden of electricity in the NII and support the necessity of changing the current situation. The difference between the average variable cost in the NII and the AMPIG was 79.181€/MWh, as shown in Figure 4 .
In the previous paragraph the term "variable cost" was used to refer to the energy production cost in the NII. According to the official definition, the variable cost of electricity in the NII, in €/MWh, is given by Equation (1) The cost of fuel is determined by Equation (2) [17] : 
where: − Π_mazut m,s , Π_diesel m,s : The quantities of mazut in tn and diesel in klit which are expected to be consumed in the electric system (s) in the month (m).
− MK_mazut m,s , MK_diesel m,s : The unit costs of mazut in €/tn and diesel in €/klit. The variable cost is representative of the actual electricity production costs. The main factor that affects it is the fuel cost. The cost of greenhouse gas emissions is, for the time being, rather low. The relative data are not publicly accessi-Smart Grid and Renewable Energy ble for every year. Indicatively, for the year 2013, the cost of greenhouse gas emissions is known represented less than 4% of the variable energy cost of the NII. According to the available data, between 2012 and 2015, the Public Power Corporation (PPC)-which is for the time being the only energy producer in the NII-spent nearly 2.5 billion euros for purchasing mazut and diesel oil for the thermal stations of NII. The relevant data are gathered in Table 4 . Hence, Figure  4 , which illustrates the weighted average variable energy cost in the NII, reflects the course of fuel prices.
According to the Regulation of NII [19] , the conventional power stations receive revenues for:  The energy they provide to the grids, based on the variable cost of electricity production and the starting cost of the power stations.  The availability of electrical capacity (also known as cold power reserve).  The provision of auxiliary services.
However, for the time being, the transitional provisions of the NII Regulation are being applied, since there are still pending problems for completing the reformation of the energy market of the NII. According to these transitional provisions, the energy producers that provide energy to the NII are compensated for the total energy production cost, which is defined by Equation (3) 
where:
− RAV m,s : "Regulated asset base", which is the sum of the non-depreciated value of fixed assets plus the working capital. The total energy production cost is, as expected, higher than the variable cost. There are cases of autonomous island systems is particularly high, mainly, due to the ΚΕΑ m,s factor, related to seasonal needs and costs of extra electrical generators. Unfortunately, precise data regarding ΚΕΑ m,s are not publicly available.
However, fragmentary data and publications support the claim about the high values of ΚΕΑ m,s . For instance, in summer 2017, RAE approved the rental of generators with a total capacity of 37 MW for covering seasonal loads in the NII [20] . This is certainly a big value of extra electrical capacity.
In Figure 5 , the total electricity production cost of the NII for the period 2014-2017, in descendant order, is presented. In very small islands, the total cost is particularly high. In the case of Antikithyra it reached the excessive price of 1328.03 €/MWh. Due to the low energy loads of such islands, the cost of electricity in the NII is not increased much due to the energy cost of very small islands. However, these cases are indicative of the difficulties and the high expenses for providing energy to particularly remote areas. But even in the case of Lesvos, which has the lowest total electricity production cost among the NII, the revenue of energy producers (148.967€/MWh) is almost three times higher than the revenue provided to energy producers in the interconnected energy grid of Greece. In the period 2014-2017, the weighted, average total energy cost of the NII was 186.547€/MWh. In other words, it was 3.6 times higher than the AMPIG during the same time period.
In Table S2 of the Appendix, the average variable and total energy production cost per month for the systems of the NII is presented.
Statistical Correlations
The further statistical analysis of the NII energy data includes correlations between the energy production costs and other variables. This allows the verification of basic hypotheses regarding the autonomous electrical systems of the Greek islands. So, the general directions of energy planning in the NII-aiming at improving the current situation and reducing the energy costs-can be outlined, in a robust way. The statistical calculations were made with the support of SPSS software.
Data presented in Sections 3.2 and 3.3 show that there is a cost increase tendency in small autonomous systems. This is attributed to the fact that smaller electricity systems are based on energy stations, which-as a rule-use diesel oil, which is the most expensive fuel for electricity production; in 2015, the average price of diesel oil purchased by the PPC was 0.60€/lit. Moreover, the efficiency of bigger power stations is, in general, higher than the efficiency of smaller electricity generators. The correlation statistical tests verify that energy costs are related to the size of autonomous electrical systems. Specifically, both the variable and total energy production costs present:  Strong, negative correlation with thermal plants' energy production.  Strong, negative correlation with the installed capacity of power stations. In Table 5 the results of the correlations between these parameters are shown.
As it can be seen in Table 5 , the correlations are significant at a confidence level of 99%. The values of Spearman coefficient are high, over 0.85, at absolute values, in all cases. These findings document that small, autonomous systems are the most expensive among the NII. It would be beneficial to connect them to greater power grids. This is an actual priority of Greek energy policy, as verified by relevant official documents [21] . However, there are cases of NII which are far away from the mainland or groups of islands that have been connected to the IEG and this set obstacles to reducing energy production costs and increasing energy supply security. It is reminded that the cost variables are reduced to energy units (€/MWh) and so, the correlations presented in this Chapter are not self-evident.
Another important finding is that there is strong, negative correlation between electricity production costs and the energy produced by renewables. The energy production costs decrease when renewable energy production increases.
As shown in Table 6 , the correlations between electricity production costs and renewable energy production are significant at a confidence level of 99%. The
Spearman coefficient is also high;-0.900 in the case of variable cost and-0.950 in the case of total cost. It should be noted that strong, negative correlation at a confidence level of 99% exists also between energy costs and installed capacity of renewable energy units. Hence, since diesel and mazut are relatively expensive fuels for electricity production, it is confirmed by the statistical findings that further use of renewable energy sources in the NII can lead to lower energy costs. However, as already discussed the current structure of autonomous, electrical systems sets technological restrictions to the further use of renewables. So, among else, energy storage is a possibility that should be examined thoroughly.
It is noted that Spearman coefficient is used for the correlations, because the 
Investigation of Improvement Options for the Autonomous System of Astypalea
Astypalea is an ideal and representative case study for investigating future perspectives of small, autonomous electrical systems in the Greek islands. It lies in the middle of the Aegean Sea (Figure 6 ), as reflected by the distance between the island and other greater islands, as well as the mainland:  Astypalea-Kos: 55 km  Astypalea-Naxos: 90 km  Astypalea-Crete: 140 km  Astypalea-Rhodes: 170 km  Astypalea-Lavrio: 240 km  Astypalea-Athens: 280 km Hence, practically, the operation of an autonomous electrical system in Astypalea is compulsory, because its connection to other, greater electrical systems (or to the interconnected electricity grid of the mainland) is rather difficult.
The permanent population of the island, according to the last census, is 1334 inhabitants. The area of the island is 96.9 km 2 . Astypalea is a rather popular tourist destination, especially for alternative summer tourism and so, its population (and consequently the energy demand) rises during the summer. In Figure  7 , a characteristic view of the main settlement of Astypalea (Chora) is shown.
The energy system of Astypalea is based on thermal plants that use diesel oil for electricity production. The type and the power of the islands' generators are shown in Table 7 . In 2015, the fuel consumption for electrifying the island was 2,262,347 lit of diesel oil; this is a high quantity of oil and its reduction will have positive results both from an economic and an environmental point of view. Moreover, there is an energy unit based on solar power in Astypalea that includes a photovoltaic array with peak power 320 kW. The share of solar energy in the electricity consumption ranged between 8% and 9%, in the period 2014-2017. As regards electricity consumption in Astypalea, for the period 2014-2017, the average values per month are shown in Figure 8 . The maximum consumption (August) is almost 2.5 times higher than the minimum consumption (November). This is a typical situation for an island, whose main economic activity is summer tourism, as already discussed. The electrical load was possible to be retrieved by HEDNO, at an hourly base for the years 2014 and 2015. The hourly load is a prerequisite for conducting realistic simulations and optimizations. The peak load of the island was 2.25 MW on 08/15/2015, at 21.00. A view of the hourly load in Astypalea is given in Figure 9 .
As far as the energy production costs are concerned, in Figure 10 , the variable and the total cost are depicted, for the period 2014-2017, at a monthly basis. The average costs in Astypalea for the period 2014-2017 have as follows:  Variable electricity production cost: 228.81€/MWh.  Total electricity production cost: 379.27€/MWh. So, Astypalea is ranked 11 th among the 32 autonomous systems regarding the variable cost of electricity production and 13 th regarding the total cost. It is rea-Smart Grid and Renewable Energy sonable that the reduction in the island's electrification cost is utterly necessary. For improving the current situation, by considering the findings of Section 3.4, the two main choices are: 1) connecting the island to the IEG and, 2) changing the current structure of Astypalea's system and increasing the use of renewable energy sources. , it is estimated that the necessary cost for expanding the grid towards autonomous island systems amounts to 1,000,000€/km.
A simulation, including sensitivity analysis, was conducted with HOMER PRO x64, in order to investigate whether grid expansion towards Astypalea is a viable investment. It was proved that the expansion of the electricity grid cannot exceed 25 km, for keeping the investment financially effective. As already discussed, Astypalea is far away both form the mainland and other, bigger islands; minimum distance 55 km. Therefore, it is not feasible to expand the electricity grid just for electrifying this island.
Changing the Current Structure of Astypalea's Energy System
By using HOMER PRO x64, different scenarios of re-structuring the autonomous electrical system of Astypalea are analyzed. The main aim of energy optimization in the island is to reduce energy production costs in a sustainable way. Table   S3 of the Appendix.
Regarding energy potential, for solar and wind energy potential the data from the libraries of HOMER were used. As far as hydropower is concerned, the cause for exploiting this source of energy in an island with low rates of precipitation is the fact that there is a water reservoir near the village of Livadi. This reservoir is used for providing potable water. So, a small turbine can be used, in order to utilize the available hydraulic head when transferring water from the reservoir to consumers. According to Daniil (2018) [23] , the available hydraulic head is 32 m Smart Grid and Renewable Energy and, by considering the volume of the reservoir and the precipitation in the island, a small turbine with 80 kW el capacity can be installed. The data retrieved by HOMER library regarding solar and wind potential, as well as the assumptions regarding hydropower in Astypalea are summarized in Table S4 in the Appendix.
The simulations carried out by using HOMER PRO x64 led to the optimal solutions shown in Table 8 , while in Table 9 the investment costs, the unit energy cost, the annual energy cost, the annual diesel oil consumption and the renewable energy share of each scenario are presented. It is notable that in order to reduce the installed capacity of diesel generators, storage systems are necessary for avoiding power shortages. Even if the optimization results show that the renewable energy capacity and share can increase significantly without using storage systems, it is risky to operate an autonomous small system with low inertia under such conditions. The use of batteries can ensure power supply, with simultaneous increase in renewable energy use. Under favorable conditions regarding batteries' cost, the renewable energy share in Astypalea can exceed 45% and the unit energy cost can decrease by 42%, in comparison with the current situation. It should also be highlighted that the possibility to utilize hydropower, because of the existing water dam in the island, is particularly important, because of the generally higher load factors of hydro-stations, compared to PVs and wind generators. The operation of a small hydro-plan increases energy supply security and has positive impact on the system's stability.
The investment costs vary between 786,000 and 2,426,000, depending on the renewable and storage capacity installed. Such amounts are much more competitive compared to the electrification of Astypalea through submarine cables, as shown in Section 3.5.1. Of course, the present results are a first attempt to optimize Astypalea's system. Apart from a feasibility study, the further use of renewables in the island demand a precise cost-benefit analysis, based on extensive data from the energy market. 
Conclusions
The research presented in this paper highlighted: 1) the characteristics and problems related to the electrification of Greek islands not connected to the IEG, and 2) provided evidence for planning a better energy future in small, remote islands. The most important conclusions that also produce policy implications regarding sustainable development are summarized below:  The NII of Greece demand high energy costs for their electrification (in average 2.5 times higher expenses compared to the grid of the mainland), while the present structure of the autonomous electrical systems leads to the insecurity of energy supply and does not allow the exploitation of the plentiful solar and wind energy potential of the islands.  The use of mazut and diesel for producing more than 80% of the electrical energy needed in the NII does not only have high financial and environmental cost, but it also maintains the country's high energy dependency, mainly arising from oil imports; the energy dependency of Greece was 72.5% in 2016, while the EU average was 54% during the same period [28] .  The priority of Greece's energy planning for the future of NII with big energy loads (Crete, Rhodes, Mykonos, Paros) is the expansion of the IEG. This is a reasonable choice for cases with high energy demand and high capacities of installed RES, since the share of renewables in the country will, in general, increase in this way.  In cases of remote islands with low energy loads, it seems that the improvement of the local autonomous systems is a better choice than the interconnection with the main electricity grid. For the case of Astypalea-peak load 2.25 MW and average load 0.72 MW-the investment for expanding the grid with submarine cables is not viable for expansion greater than 25 km.  The case of Astypalea provides strong evidence regarding the possibility to Smart Grid and Renewable Energy utilize local RES together with the use of storage systems, in order to improve current situation in small NII. The perspectives of the local autonomous system for sustainable improvement are promising: more than 45% renewable share (8.5% currently), 42% reduction in the unit energy production cost, and 58% reduction in diesel oil consumption with investment costs up to 2.4 million euros.
Apparently, the work presented in this paper presents some limitations. The main amongst them are: 1) the focus on one island, namely Astypalea, and 2) the fact that thermal energy loads are not included in the energy simulations. These limitations can be addressed by the following steps of future work:  Collection of hourly electrical load data from all the NII of Greece and conduction of simulations like the ones presented for the case of Astypalea.  Highlight common characteristics regarding loads, consumption and future structures of energy systems among groups of NII.  Introduce thermal energy loads in the energy simulation, in order to gain a broad view of the energy future of small, remote islands.
In conclusion, the autonomous electrical systems of Greek islands, although currently are characterized by very high energy costs, are challenging places for implementing sustainable solutions. The NII, particularly the remote ones, are an ideal case for utilizing renewables in favor of local societies, at the basis of decentralized applications. The current model of RES development has been based on projects with great installed capacities that provide energy to the IEG, at significantly high prices. In many cases the sustainability of this RES model has been controverted. On the contrary, decentralized RES exploitation in remote islands is a mild, viable way of utilizing green energy. Government policies should more actively support this kind of energy future for NII. The present paper documents this statement, as well as pilot projects like TILOS, aiming at integrating batteries in autonomous systems [29] .
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